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Hyperthermophiles, a recently discovered group of
microorganisms, are operationally defined as having an
optimum growth temperature of at least 80°C and a
maximum growth temperature of over 90C. Most of the
enzymes isolated so far from such organisms exhibit cor-
respondingly enhanced thermostability. This property has
been used both for investigation of fundamental biologi-
cal questions of protein structure and stability, and for the
development of technological applications that require
protein stability at high temperatures. Examples of such
applications of thermostable proteins include their use in
biocatalysts, in various materials and in crystallization
methods. The use of DNA polymerases from hyperther-
mophilic microorganisms in the polymerase chain reac-
tion (PCR) is another of the more practical examples of
the recent impact on biochemistry and molecular biology
of enzymes isolated from hyperthermophilic organisms.
To date, the maximum growth temperatures observed for
a hyperthermophilic organism is about 1100C. Whether
this is the upper limit for life is unknown; some workers
estimate that the maximum growth temperature for, as
yet, uncultured organisms may approach, or even exceed
150°C [1]. In any event, it is clear that the surface has
barely been scratched in the study of extremely thermo-
stable proteins from known hyperthermophiles. Two
basic questions often come to mind when considering
these enzymes: the practically motivated, how can I get
some of these enzymes and the more fundamental ques-
tion, how do these enzymes achieve extreme thermosta-
bility? Aspects of both of these issues are briefly discussed
below. More detailed discussions of hyperthermophiles
and their proteins may be found in review articles [2-5].
Hyperthermophilic organisms
Just as the outlaw Willie Sutton directed his attention to
banks "because that's where the money is", efforts to
identify and isolate hyperthermophilic microorganisms
have focused on geothermally heated sources, because
these regions provide naturally occurring high tempera-
ture environments. The majority of the presently known
20 or so hyperthermophilic genera are of marine origin,
and are found either in the hot sediments of coastal
waters or near deep sea hydrothermal vents. The remain-
ing genera have been isolated primarily from continental
hot springs. Nearly all of these microorganisms are classi-
fied as Archaea, including genera such as Pyrococcus,
Pyrobaculum and Methanopyrus, all species of which grow
above 1000C. There are currently only two bacterial
genera represented among the hyperthermophiles, Ther-
motoga and Aqutfex. By 16S rRNA analyses, it has been
shown that the hyperthermophilic genera are the most
slowly evolving organisms within both the archaeal and
bacterial domains [6]. This suggests that hyperthermo-
philic organisms may represent the closest living descen-
dants to a universal ancestral life form that grew under
high temperature conditions. To what extent new organ-
isms growing at even higher temperatures might be even
more 'ancient' is an intriguing, and still open, issue.
An essential facet in the characterization of these micro-
organisms is to establish their optimal growth require-
ments. So far, most known hyperthermophiles are strict
organotrophs that use protein-containing mixtures for
their carbon and nitrogen sources, although several of
these organisms can also use carbohydrates as carbon
sources. Some, if not all, of the heterotrophic hyperther-
mophiles have rather unusual nutrient requirements, such
as tungsten, a rarely used element in biological systems.
Almost all of the known hyperthermophiles also require
strictly anaerobic growth conditions. The present excep-
tions are the three species, Acidianus infernus, Aqufex
pyrophilus and Pyrobaculum aerophilum; the last two are
microaerophilic and utilize only low levels of oxygen.
The majority of the hyperthermophiles, however, can
maintain a respiratory-type metabolism that requires
elemental sulfur, S, rather than oxygen, and the S is
reduced to hydrogen sulfide, H2S. A few of the Archaea,
including species of Pyroccocus and Thermococcus, and
species of the bacterial genus Thermotoga, have fermenta-
tive rather than respiratory-type metabolisms, and can be
grown in the absence of S° . As a consequence, these fer-
mentative organisms are more appropriate for obtaining
large-scale cultures, because they do not produce toxic
H2S, which is particularly corrosive under the high tem-
peratures required for the growth of such organisms.
Additionally, they grow to much higher cell densities than
the few autotrophic hyperthermophiles that are known.
Consequently, most of the enzymes currently available
have been obtained from these fermentative heterotrophs.
Although hyperthermophiles must be grown at high
temperatures, enzymes isolated from these organisms can
of course be purified at ambient temperatures. However,
this advantage is frequently countered by subsequent
problems with protein characterization. For example,
denaturing such enzymes for electrophoretic analyses can
be a challenge, and the same is often true for the deter-
mination of enzymatic activities at higher temperatures.
In addition to difficulties with practical aspects, such as
measuring absorbance changes at 95C, there are prob-
lems with the use of buffers, in the determination of pH
and with the rapid hydrolysis of many potential substrates
and cofactors at such temperatures. In fact, this tends to
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Fig. 1. Generic stability curves [10] for 'typical' mesophilic pro-
teins and hyperthermophilic proteins, illustrating various ways in
which thermostability can be thermodynamically achieved. The
thermal stability for a hyperthermophilic protein can be formally
increased: relative to that of a mesophilic homolog, line a; by
various combinations of raising the stability curve, b; shifting the
stability curve, c; increasing the breadth of the stability curve, d;
changing the sign of the stability curve curvature with a negative
ACp, e. The actual thermodynamic origin of hyperthermostability
has not yet been experimentally established for any protein. A
key question is whether the free energy of maximal stability,
AGND(T*) is actually increased for hyperthermophilic proteins
relative to mesophilic proteins.
be the rule rather than the exception, and how a wide
variety of simple organic compounds that are virtually
universal in biochemical pathways are stabilized in vivo at
temperatures near and above 1000 C remains an un-
answered question.
Many of the proteins that have been isolated so far from
hyperthermophiles may be classified as either hydrolases
(proteases and carbohydrases), redox enzymes (electron
transfer proteins, oxidoreductases and dehydrogenases)
or as polymerases. But the list of enzymes isolated from
these organisms is by no means restricted to these cate-
gories, and an ever-increasing number of proteins such
as transcription factors, heat shock proteins (yes, even
hyperthermophiles appear to exhibit a heat shock
response) and even some membrane proteins have been
isolated and characterized. The extreme thermal stabil-
ity of most of these enzymes guarantees that more and
more proteins from hyperthermophiles will be isolated
and characterized. An added incentive is the close
phylogenetic relationship between Archaea and Eucarya
which have a common ancestor not shared by the Bac-
teria; the exploration of this relationship at the struc-
tural and functional level is a rapidly expanding area.
How can one obtain proteins from hyperthermophilic
organisms? The two main avenues are either to grow the
organisms and isolate the desired proteins, or to clone the
gene for a desired protein from a hyperthermophile
library and express it in a suitable mesophilic host. Strains
of almost all of the hyperthermophiles can be obtained
from the German Culture Collection (DSM, Braun-
schweig D-3300, Germany). A number of genes from
these organisms have been successfully expressed in
Escherichia coli, and in many cases the active recombinant
protein has been purified. Such purified proteins include
DNA polymerases, rubredoxin, ferredoxin, dehydroge-
nases and carbohydrate-metabolizing enzymes. This is
obviously an important development, as the ability to
produce recombinant versions of thermostable proteins
permits the application of mutagenesis methods to modify
proteins and study fundamental issues of stability, as well as
to try and modify them to have more technologically
desirable properties. Recombinant technology has not
been successful in every case, however. For example, some
of the recombinant proteins appear to be unable to fold
into the active form at mesophilic temperatures when
expressed in a mesophilic host. In addition, no genetic
systems have yet been established for hyperthermophiles,
which precludes many of the classical approaches to ana-
lyzing protein function and regulation. Nevertheless, large
scale genome sequencing operations are now underway
for several hyperthermophilic microorganisms [7,8], and
these will provide a valuable source of both proteins and
protein sequence information.
Stability and structure of hyperthermostable proteins
Part of the motivation for studying hyperthermophilic
microorganisms is the extreme thermostability of their
proteins; logical questions to ask include, how stable are
these proteins and how is this stability achieved? While at
present the answers to each of these questions are not
forthcoming, increasingly rapid progress is being made
towards addressing the issues.
The variation of the free energy for unfolding, AGND,
with temperature, under otherwise constant conditions
of pH, pressure, ionic strength and so on, defines the
stability curve for a protein [9,10]. At the midpoint
temperature, T,,, for unfolding, AGIVD=O. If the enthalpy
change for unfolding at T is AHnm and assuming that the
heat capacity change upon unfolding, ACp, is both posi-
tive and temperature independent, then to a reasonable
approximation [11] the temperature of maximum stabil-
ity, T*, is:
AH
T*= T - "
p
and the native state of the structure is stable over a tem-
perature range of -2AH,/AC . The free energy of maxi-
mal stability at T* is given by:
AH 2
IAGND(T*) 2T Cp
For proteins from mesophilic organisms, AG ND(T*)=
12 kcal mol-1, and 2AH ,/AC >100 K. Although initial
calorimetric studies have been reported for several
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these various possibilities are urgently needed, and
recently developed hydrogen-exchange-based NMR
methods have great potential in this respect [14].
Fig. 2. Ribbon diagram of the structure of the hyperthermostable
rubredoxin from Pyrococcus furiosus [11], prepared by the pro-
gram MOLSCRIPT [17]. The p-sheet residues are colored red and
the remaining residues are green. The iron atom is shown in
magenta and the side-chain atoms of the liganding cysteines
show the sulfur atoms in yellow and the carbon atoms in gray.
proteins from Pfuriosus [12], a complete thermodynamic
characterization has not yet been performed for any
hyperthermostable protein. Consequently, the corre-
sponding stability parameters are not known for any of
these proteins, apart from the approximate values
T 2110 K and 2AH /AC >100 K (because cold denatu-
rn 1i p
ration at room temperature has not yet been observed for
these proteins). There is also evidence that pressure-
effects on the stability of some hyperthermostable pro-
teins may also be significant [13]. Qualitatively, increased
thermostability can be achieved through variations in the
enthalpy, entropy and heat capacity for unfolding that
results in some combination of 'lifting up' of the stability
curve, shifting the stability curve over, and/or increasing
the breadth of the stability curve (Fig. 1). Quantitative
thermodynamic analyses that can distinguish between
At present, high-resolution structures of hyperthermo-
stable proteins have been described for only two pro-
teins, both isolated from P? furiosus: the non-heme iron
containing rubredoxin [11,15] (Fig. 2) and the tungsto-
protein aldehyde ferredoxin oxidoreductase (AOR)
(Chan et al., unpublished data) (Fig. 3). Residue assign-
ments for the secondary structure of the Pfuriosus ferre-
doxin by NMR have also been reported [16], as have
sequence-based comparisons of hyperthermostable pro-
teins with mesophilic homologs of known structure
[7,8]. To date, the most detailed analysis of the structural
origins of protein stability have been possible for rub-
redoxin. This is because the structure of the P. furiosus
protein can be compared with the high-resolution struc-
tures of four rubredoxins from mesophilic bacteria
[11,15]. Perhaps the most striking observation is that the
hyperthermostability is achieved with minimal alter-
ations to the basic rubredoxin fold. Specifically, the
hydrophobic cores of these rubredoxins are highly con-
served, both in terms of sequence and structure. The
unique interactions that are present in the P furiosus
rubredoxin, and which presumably contribute to the
extreme stability of this protein, mostly involve electro-
static interactions between groups near the protein sur-
face. For example, a greater number of salt bridges and
more extensive hydrogen-bond networks are observed in
the secondary structure [11,15]. The latter feature is also
observed in the P furiosus ferredoxin structure [16], but
the analysis of the AOR structure is complicated by the
absence of any sequences or structures of homologs that
might help to identify determinants of thermal stability.
In general, AOR looks rather like a typical mesophilic
protein in terms of amino acid composition, and sec-
ondary and tertiary structures. In comparison with a
series of other enzymes of known structure, AOR has
reduced surface area and an increased fraction of buried
atoms which suggests, as is observed for droplets or soap
Fig. 3. Ribbon diagram of the structure
of the hyperthermostable aldehyde
ferredoxin oxireductase (AOR) from
P. furiosus (Chan et al., unpublished
data) prepared by the program
MOLSCRIPT [17]. The ca-helical regions
are shown in cyan, p-sheet residues are
red. CPK models for the redox cofactors
are yellow.
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bubbles, that minimization of the ratio of surface area to
volume may be correlated with increased stability (Chan
et al., unpublished data).
The most general conclusion from these studies is that
hyperthermostability can be achieved without the
requirement for any new types of interactions to stabilize
the folded conformation. Rather than being the conse-
quence of any one dominant type of interaction, it
appears that the increased stability of these proteins
reflects a number of subtle interactions involving surface
energies, electrostatic interactions, increased secondary-
structure stabilization, and packing effects. The rapidly
growing interest in hyperthermophiles should provide
increasingly detailed answers to these questions of protein
structure and stability. Furthermore, these advances will
no doubt be coupled to the development of new and
improved applications for hyperthermophilic proteins, as
well as to the identification and isolation of new organ-
isms, some of which may be able to grow at even higher
temperatures. It is remarkable that the discovery of
microorganisms able to grow above 1000C occurred only
a decade or so ago. One wonders where the field will be
a decade from now and what new superlative may be
used to describe a class of organisms that might be even
more thermotolerant than known hyperthermophiles.
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